Two homogeneous univalent haptenprotein conjugates, prepared by the covalent attachment of a single 2,4-dinitrophenyl (DNP-) or 2,4,6-trinitrophenyl (TNP-) side chain to the cysteine-SH in the active site of the enzyme papain, have been found to exhibit large Cotton effects in the wavelength region of the absorption bands of the DNP or TNP groups. This indicates that the DNP or TNP groups are noncovalently bound to some asymmetric region(s) of the papain molecule. These homogeneous papain conjugates are antigens that can elicit anti-DNP or anti-TNP antibody production in mice or rabbits. It is suggested that the noncovalent binding of a hapten to the surface of its carrier protein may profoundly affect the characteristics of the anti-hapten antibodies that are elicited. It has also been observed that the specific binding of these papain conjugates, and of the simple haptens DNP-lysine or TNP-lysine, to anti-hapten antibodies produces characteristic extrinsic Cotton effects.
The classical work of Landsteiner and his colleagues (1) demonstrated that specific antibodies could be elicited to small molecules (haptens) if these were first covalently attached to macromolecules (carriers), such as proteins. In most preparations of hapten-carrier conjugates, as many as 10-50 molecules of a given hapten may be bound on the average to a single carrier molecule. It is usually assumed that these many hapten groups are all antigenically equivalent, except perhaps for variations in the amino acid residues on the carrier to which the haptens are covalently bound. This implies, however, that the many hapten groups are all structurally equivalent as well, which might be the case if each of the groups projected from the surface of the carrier molecule into the aqueous solution, and each possessed substantial rotational freedom at the surface. It was suggested some years ago (2) , however, that, particularly for haptens that possessed hydrophobic characteristics, such rotational freedom might frequently not exist. Instead, a hapten group that was covalently attached to a carrier molecule might further be noncovalently fixed to the carrier surface by hydrophobic and other interactions. Such immobilization of haptenic groups could have several important consequences for the antigenic properties of hapten-carrier conjugates.
In this paper, we demonstrate directly that noncovalent immobilization of 2,4-dinitrophenyl (DNP) and 2,4,6-trinitrophenyl (TNP) haptenic groups does indeed occur with particular conjugates of hapten and protein carriers. The conAbbreviations: TNP, 2,4,6-trinitrophenyl; Papain-S-DNPL, papain whose cysteinyl-25 S atom is covalently bound to a-Nmethylenecarbonyl-E-(N-2,4-dinitrophenyl)-L-lysine; Papain-S-TNPL, same as Papain-S-DNPL with a TNP group substituted for the DNP group.
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jugates studied were homogeneous derivatives of the protein papain (3, 4) , containing either one DNP or one TNP group covalently attached per carrier molecule. These conjugates are capable of eliciting antibodies directed to their respective hapten groups. The demonstration of noncovalent immobilization involves the observation of extrinsic Cotton effects in circular dichroism; optically inactive electronic transitions of the DNP and TNP groups are rendered optically active by interaction with a fixed asymmetric environment on the carrier molecule. The specific binding of these homogeneous hapten-protein conjugates to anti-hapten antibodies, as well as of simple haptens to anti-hapten antibodies, have also been found to generate characteristic extrinsic Cotton effects.
MATERIALS AND METHODS
The preparation of the homogeneous antigen, Papain-S-DNPL, by the reaction of a single molecule of a-N-iodoacetyl, e-N-2,4-dinitrophenyl-L-lysine with the -SH group of cysteine-25 in the active site of papain, has been described (3, 4) . Following closely similar procedures, we made Papain-S-TNPL with a-N-iodoacetyl,s-N-2,4,6-trinitrophenyl-ilysine; the preparation and properties of this homogeneous conjugate will be presented in more detail elsewhere. The compounds e-DNP-i-lysine (5) and E-TNP-ilysine (6) were synthesized as previously described. Pure rabbit anti-DNP antibodies elicited by the conventional multi-haptenic conjugate, DNPbovine -y-globulin, were generated and isolated essentially as described (7) . Anti-TNP antibodies were raised in SwissWebster mice to the multihaptenic conjugate TNP-bovine y-globulin (8) in complete Freund's adjuvant by methods similar to those used to produce mouse anti-DNP antibodies (9) . The pure anti-TNP antibodies were isolated by previously published methods (10) from the ascites fluids of immunized mice that had been implanted intraperitoneally with Ehrlich ascites tumor cells.
Absorption spectra and circular dichroism spectra were obtained with a Durrum-Jasco UV/5 Spectropolarimeter modified with the J-10 attachment. The spectra were obtained at room temperature in a buffer of 0.15 M NaCl-0.01 M Na phosphate, pH 7.4. The circular dichroism spectra were recorded from solutions with total absorbances less than 2.0 in a 2.0-cm, 5.0-cm, or 10.0-cm cell. The absorbance and circular dichroism spectra for the mixtures of hapten and antibodies or hapten-carrier and antibodies, were obtained in antibody excess and were invariant to the addition of further antibody. The spectra were therefore attributable to the haptens in the fully antibody-bound state. The spectra shown in Figs. [1] [2] [3] tributions from papain or the antibodies themselves, and the curves shown are difference spectra reflecting the properties of the DNP or TNP groups only. The relative extinction coefficients for the DNP groups of DNP-lysine and Papain-S-DNPL, and for the TNP groups of TNP-lysine and Papain-S-TNPL, in the aqueous buffer, were determined from spectra obtained for these substances in 6 M guanidinium chloride with a Zeiss Model PMQ II Spectrophotometer; it was assumed that in the guanidinium chloride, the extinction coefficient for a given hapten was the same for the two compounds being compared.
RESULTS
Whereas DNP-lysine and TNP-lysine themselves show no circular dichroism in the wavelength region of absorption of the DNP and TNP chromophores, both Papain-S-DNPL and Papain-S-TNPL show pronounced and distinctive circular dichroism bands (Fig. 1B) . These circular dichroism bands correspond to the absorption bands of the DNP and TNP groups of these conjugates (Fig. 1A) . The addition of 6 M guanidinium chloride to solutions of Papain-STNPL (Fig.  1B) or Papain-S-DNPL (not shown) essentially eliminates these circular dichroism bands. Mixtures containing papain and either TNP-lysine or DNP-lysine do not exhibit any corresponding circular dichroism spectra.
The addition of an excess of mouse anti-TNP antibodies either to Papain-S-TNPL or to TNP-lysine causes small shifts in the absorption spectra of the TNP group ( Fig. 2A) . The absorption band with a maximum near 347 nm is shifted to about 356 nm upon specific binding to the antibodies.
The combination of the mouse anti-TNP antibodies with TNP-lysine produces a distinctive circular dichroism spectrum in the TNP absorption band (Fig. 2B) , not found when normal ,y-globulin is substituted for the antibodies. The combination of anti-TNP antibodies with Papain-S-TNPL results in Cotton effects similar, but not identical, to those observed when TNP-lysine is bound to the antibodies (Fig. 2B) ; these Cotton effects are, however, radically different from those observed with Papain-S-TNPL alone (Fig. 2B) .
The same series of optical experiments was performed with rabbit anti-DNP antibodies and either DNP-lysine or Papain-S-DNPL, with results generally similar to those obtained with the TNP derivatives. Absorption spectra shifts towards the red occurred upon binding of both the Papain-S-DNPL conjugate and of DNP-lysine to the anti-DNP antibodies (Fig.  3A) . In the antibody-bound state, both DNP-lysine and Papain-S-DNPL showed circular dichroism bands in the region of DNP absorption. The circular dichroism spectra were similar for these two mixtures (Fig. 3B) . (11) . These conditions often are met when a c] group, itself optically inactive, becomes noncova] to a specific active site or a surface patch on a p cule (12, 13 If a hapten is immobilized on the surface of a carrier mole-3-DNPL and cule, it should be surrounded by a specific constellation of ine and antiamino acid residues that depends on the site on the carrier to 3, E, and the which the hapten is covalently attached. Is a combination of iThe concenimmobilized hapten and surrounding amino acid residues on me as shown the carrier surface the antigenic determinant that is recognized 65 X 10-6 M.
by the immunoglobulin on the antigen-sensitive cell? In other K IOf M in words, is that hapten recognized only as part of a hybrid me as in A. determinant (2)? Or, is the hapten released from its immobilized state on the carrier surface and recognized as such by the cell-bound immunoglobulin? cting groups
Our results, particularly with Papain-S-TNPL and antihromophoric TNP antibodies, suggest that the immobilized hapten is relently bound leased from the papain surface when it binds to the antirotein molehapten antibodies. This conclusion is derived from the following observations. When the simple haptens DNP-lysine or Lomogeneous TNP-lysine combine with anti-DNP or anti-TNP antibodies, Ltom of cysrespectively, the DNP and TNP groups exhibit characteristic valently at- the carrier surface. However, it should be clearly recognized that the anti-hapten antibodies used in these experiments were heterologous; i.e., they were generated by immunization with the multivalent conjugates DNP-or TNP-bovine 'yglobulin, and then isolated by precipitation with the respective haptens covalently bound to bovine serum albumin. The anti-DNP and anti-TNP antibodies used in our experiments were, therefore, selected during purification for their capacity to bind to DNP and TNP groups independent of carrier. It is therefore important to determine whether, for example, anti-TNP antibodies elicited by Papain-S-TNPL would, on combination with Papain-S-TNPL, cause the release of the TNP group from the papain surface. Unfortunately, so far insufficient amounts of such homologous antibodies have been available to perform these experiments. A reasonable argument can be made that if a hapten which is covalently attached to a carrier molecule is also immobilized by noncovalent interactions to the surface of the carrier molecule, the hapten may be recognized in that immobilized state; i.e., as part of a hybrid hapten-carrier determinant. The free energy change accompanying the noncovalent immobilization of the hapten to the carrier is likely to be more negative than -1.5 kcal/mol. Otherwise, the hapten would be in the freely mobile state an appreciable fraction of the time. If the hapten were to be recognized in the freely mobile state, that amount of free energy would be required to release it from the carrier surface. That free energy could only be obtained from the free energy change accompanying the binding of the antigenic determinant to the immunoglobulin (antibody) on the surface of the cell, which itself might be no more than about -10 kcal/mol (17) . In other words, since it costs free energy to release a hapten that is normally immobilized to its carrier, those cell-bound immunoglobulins which recognize the hapten in its immobilized state may, to that extent, have a selective thermodynamic advantage over those immunoglobulins which recognize the freely mobile hapten on the carrier molecule. It might therefore be found that with anti-TNP antibodies elicited by immunization with Papain-S-TNPL (i.e., the homologous anti-TNP antibodies), the binding of Papain-S-TNPL to the antibodies will not cause the release of the TNP group from the papain surface, and that the circular dichroism spectra of the mixture will be found to reflect this behavior.
An important corollary of the concept of haptens immobilized on carrier surfaces, and of the possibility of hybrid antigenic determinants, concerns the heterogeneity of antihapten antibodies (2) . If many of the hapten groups on a typical multi-haptenic conjugate are immobilized on the carrier surface, each group so immobilized would be within a specific constellation of immediately surrounding amino acid residues on the carrier surface. Each such hybrid determinant would be chemically different and, therefore, at least potentially antigenically distinguishable. The typical multi-haptenprotein conjugate might consequently be a heterogeneous antigen and evoke a correspondingly heterogeneous antibody response. These considerations earlier led us to prepare the chemically homogeneous hapten-carrier conjugate Papain-S-DNPL for use as an antigen, and we have shown that the anti-DNP antibodies generated by immunization with this antigen are indeed frequently as homogeneous electrophoretically as myeloma proteins (3, 9) .
While this manuscript was in preparation, related experiments were reported with an arsanil-azotyrosyl-polypeptide conjugate and anti-arsanil-azotyrosyl antibodies (15) , with results similar to those reported in this paper. Extrinsic Cotton effects demonstrated that the arsanil-azotyrosyl group was noncovalently immobilized on the helical polypeptide carrier, and suggested that it was released from the carrier upon binding to heterologous anti-arsanil-azotyrosyl antibodies.
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